The purpose of the present work is to use an explicit finite element code to model the impact behavior of a heavyweight impact source like rubber ball and to predict the floor impact vibration of resilient materials, which are used in the floor coverings construction for sound insulation. To simulate the impact force of rubber balls, the hyperviscoelastic rubber model is applied. Then, this rubber model is used in the simulation for the impact vibration of resilient materials. The results indicate that the hyperviscoelastic rubber model could precisely simulate the impact force of rubber balls, as its two parameters are properly chosen according to the desired impact force. Also, the present model could capture the impact and vibration behavior of the considered materials and reasonably evaluate the insulation effect of resilient materials.
Introduction
Due to the demand in the living quality, the sound environment needs to be further improved to meet this requirement. One type of environment noise is the floor impact sound, which may come from walking, furniture movement, object falling, or children jumping. This type of noise may cause the dispute between habitants of adjacent floors, especially in congregate housing. Therefore, reducing this type of noise has been the target of current building construction. Since the main structure of a building is difficult to change just for the reason of floor impact noise, floor coverings construction may be an effective and cheap method [1] to achieve this goal.
Floor impact sound is dependent on the characteristics of impact source, the vibration properties of the floors, and the sound emission. Ver [2] obtained a complete description of the force spectrum and impact level provided by tapping machine on hard surfaces. Cremer et al. [3] derived an impact source spectrum caused by tapping machine acting on homogeneous floor of high impedance. Shi et al. [4] experimentally concluded that a sand ball drop as an impact source provides a better representation of actual human footfall on wood joist floors than the standard tapping machine. To measure impact sound through lightweight walls in a laboratory, Huang et al. [5] recommended a steel ball of 50 mm in diameter as a hard impactor and a silicon ball of 100 mm in diameter as a soft one. Jeon and Sato [6] conducted objective and subjective evaluations of heavyweight floor impact sounds generated by a bang machine and an impact ball. Chung et al. [7] compared the automobile tire and rubber ball and verified the applicability of rubber ball as the standard heavyweight impact source. Jeon et al. [8] showed that the noise from the impact ball is similar to the noise of children running and jumping and found that the noise level of an impact ball is slightly higher than that of a bang machine, even though the impact ball has a lower impact force. Park et al. [9] predicted the impact force from a bang machine and an impact ball by using the measured modal properties and compared it to the measured excitation force.
To improve the vibration properties of the floors, the common way was to use floor coverings [10] or chipboard floating floor [11] . Ver [2] considered the improvement in insulation provided by the use of elastic surface layers or by floating floors with high-impedance surfaces. Tadeu et al. [12] proposed an analytical model to examine the impact sound insulation by a single panel and a floating layer system. Chiang et al. [13] revealed that the sound insulation was about 19-21 dB by the use of ceiling materials with different sound insulation coefficients, and it was about 9-11 dB by the change of the thickness of the ceiling airspace. Kuo [14] executed experimental investigation on floor impact sound insulation with various floor coverings, which were the combination of common coverings materials and damping materials, in a full-scale building. Rushforth et al. [15] experimentally compared the impact sound insulation performance of a range of materials made from recycled carpet tiles with some commercially available acoustic underlays. Kim et al. [16] experimentally investigated 51 resilient materials and concluded that as the dynamic stiffness of resilient materials decreases, the heavyweight impact sound level also decreases.
To understand the mechanism of floor impact sound, it is popular to simulate the floor impact behavior, especially by numerical methods. Neves E Sousa and Gibbs [17] developed an analytical model to investigate the effect of homogeneous base plates with homogenous floating floors on impact sound transmission at low frequencies. Finite element method was used to discuss the sound insulation effects of well-mixed ceiling [14] , to simulate the floor impact sound of composite steel deck floors [11] and to analyze the effects of panel thickness and panel size on the impact sound insulation [18] . It was also applied to simulate double rooms with a light gauge frame partition to discuss the effects of the thickness of the light gauge frame partition, the volume of the double room, and the absorption coefficient of the interior decoration materials [19] .
Since actual field measurements are time-consuming and need high costs, finite element simulation with better operation speed and low cost is a worth alternative for evaluating the creation and propagation mechanism of floor impact sound. From the above reviewed literature, the current finite element simulation for floor impact sound always focuses on the lightweight impact source from tapping machine, because the simulation is under the implicit mode that is easy to apply. However, to simulate the impact conditions of heavyweight impact source like the rubber ball, explicit finite element analysis is required, and this approach is seldom found in the literature. Before the sound insulation of floor coverings could be precisely simulated, it may be necessary to just focus on their vibration reduction. Therefore, the purpose of the present work is to use an explicit finite element code, for example, LS-DYNA, to model the impact behavior of the rubber ball and to predict the floor impact vibration of resilient materials. To simulate the impact force of rubber balls, the hyperviscoelastic rubber model will be applied. In addition, some parameter values in this model will be determined by trial and error to create the standard heavyweight impact force. Then this impact force will be applied to the tested panel that may include resilient materials, and the effects of resilient materials on vibration reduction will be evaluated.
As this impact simulation model has been established, it could be used to further evaluate the sound insulation of floor coverings in the future.
Properties of Impact Force
To simulate the sound of humans walking and running, the available heavyweight floor impact sources include bang machine, tapping machine, automobile tire, rubber ball, and sand ball. Recently, the rubber ball, as shown in Figure 1 , is popular and standardized. The standard rubber ball [20] is a hollow sphere with the diameter of 180 mm, thickness of 30 mm, and mass of 2.5 ± 0.1 kg, as listed in Table 1 .
Before it hits the floor, the rubber ball falls from 1 m height.
The maximum impact force is about 1500 N, and the impact duration is 20 ± 2 ms. One possible waveform of this impact force [20] is illustrated in Figure 2 . Some calculated values from Figure 2 are listed in Table 2 . The force integration represents the integration of the impact force with respect to time, and its value is about 19.92 N⋅s.
Experiments
The impact vibration measurement was conducted in a fullscale building with a small size specimen according to ISO 140-11 [21] , and its schematic diagram is shown in Figure 3 . The point A is 100 mm away from the two adjacent sides and on the top surface of the solid wood. The dimensions of solid wood, plywood, resilient materials, and reinforced concrete floor (RC floor) are listed in Table 3 . The rubber ball Shock and Vibration was released free from the height of 1 m and hit the tested panel after being released. The tested panel consisted of solid wood plate and plywood plate, if the resilient materials were not included. When the resilient material was added, one layer of resilient materials was put between the plywood and the RC floor as shown in Figure 3 . The layers of solid wood and plywood were glued together during measurement. The acceleration measured at point A by an accelerometer PCB 353B14 was transferred to HP 35670A signal analyzer and processed by a personal computer. When only the impact force of the rubber ball was concerned, the impact testing was executed without the tested panel. That means the rubber ball directly hit the RC floor.
To obtain the stress-strain relation of resilient materials for inputting in the simulation, compression tests were executed on a HT9102 materials testing machine. The crosshead rate was set to be 16 mm/min due to the limitation of the testing machine and the specimen thickness. Three layers of the same resilient material were compiled as a specimen with the dimensions of 35 × 30 × 30 mm for ethylene vinyl acetate (EVA) and 35 × 30 × 39 for nitrile butadiene rubber (NBR). The test was stopped manually as the specimen was difficult to be further compressed. The resilient materials considered in this work belong to foam materials. EVA is the copolymer of ethylene and vinyl acetate and has similar softness and flexibility to elastomeric materials. Its features are in shockproof, crash, and thermal insulation. Since it has little or no odor, it is competitive with rubber and vinyl products in many applications. EVAs 25, 35, and 55 were three types of EVA used in this work, and the number indicated the degree of Shore A hardness. NBR is a synthetic rubber copolymer of acrylonitrile (ACN) and butadiene. It is generally resistant to oil, fuel, and other chemicals. Its resilience makes NBR a useful material for floor mats. NBR JS-607S used as shock absorption foam was chosen in this work, and its Shore A hardness was 18. To be consistent with the number of EVAs, NBR JS-607S is denoted as NBR 18 in this work because of its Shore A hardness.
Impact Simulation

Simulation Model.
To simulate the impact vibration of the rubber ball on the floor, the commercial explicit finite element software, LS-DYNA, was selected. The 8-node brick element, Solid 164, was chosen to mesh all materials including the rubber ball, solid wood, plywood, resilient materials, and the RC floor. The dimensions of the rubber ball with the density of 1163 kg/m 3 are listed in Table 1 . The dimensions and mechanical properties of the other materials are shown in Table 3 . The solid wood, plywood, and RC floor were treated as a linear isotropic material, while the resilient materials were treated as foam materials with the model described in Section 4.3. Since the rubber ball would impact the solid wood, automatic surface to surface contact was set between their surfaces. In the simulation, the solid wood and plywood were glued together as the real case. Since the three layers of plywood, resilient material, and RC floor were just put together, their interfaces were treated as tied surface to surface contact that was allowed to have node mismatch between them. One example of the finite element mesh of the rubber ball and tested panel on the RC floor is shown in Figure 4 . As for the boundary conditions, the four sides of the RC floor were set to be fixed. To save the simulation time, the rubber ball was released at the height of 0.002 m from the surface of the RC floor with the velocity of 4.425 m/s, and the gravity was enforced along the vertical direction as shown in Figure 3 . The total simulation time was 23 ms, and the time step was 0.1 ms.
Model of Rubber Balls.
Rubber is generally considered to be nearly incompressible because the bulk modulus greatly exceeds the shear modulus. Kinematic hardening plastic material model, Mooney-Rivlin rubber model, and hyperviscoelastic rubber model are three popular material models for rubber [22] . Among them, the hyperviscoelastic rubber model was verified to be suitable to model the rubber ball during impact conditions [23] . This material model could be considered as the combination of superelasticity and viscoelasticity with a hydrostatic work term ( ). The general form of the strain energy density function of this model is expressed as
where the relative volume is defined as
To prevent volumetric work from contributing to the hydrostatic work, the first and second modified invariants are defined as
where the three invariants of Cauchy-Green tensor are defined as 
The principal stretch ratio in each direction is given by
Shock and Vibration 5 with being the initial length along direction and Δ being the corresponding length change. If only = 1 is selected in the strain energy density function and the hydrostatic term is not included, one can obtain the simplified strain energy density function as
The constants 01 and 10 have been replaced by and , respectively. During the simulation, the two parameters and in the hyperviscoelastic rubber model will be varied according to Shore A hardness. The corresponding values between Shore A hardness, Young's modulus, shear modulus, parameter , and parameter for rubber materials are shown in Table 4 [24].
Model of Resilient Materials.
Since the resilient materials are highly compressible low density foams, Material Type 57 in LS-DYNA, whose main applications are for seat cushions and padding, was chosen in this work. In this model, tabulated data were input for the loading curve where the nominal stresses were defined as a function of the elongations . The elongations are defined in terms of the principal stretches as = − 1.
After obtaining the principal stretches and the elongations, the corresponding values of the nominal stress are interpolated, if the elongations are compressive. As the elongations are tensile, the nominal stresses are given by
The Cauchy stresses in the principal system become = .
The stresses can now be transformed back into the global system for the nodal force calculations. Also, in this model the hysteresis effect and the strain rate effect were not considered.
The viscous coefficient to model damping effects was assigned to be 0.5 in this work.
Results and Discussion
Compression Tests.
The results of compression test for three types of EVA and one type of NBR are shown in Figure 5 . The top stress-strain curve is for EVA 55 specimen and the bottom curve is for NBR. As shown, among these four types of resilient materials, the stress-strain curve becomes higher with the increasing of the Shore A hardness. 
Impact Behavior of Rubber Ball.
To investigate the impact behavior of rubber ball, only the rubber ball and the RC floor were considered in the simulation model without the tested panel. The simulation results are listed in Table 4 for the Shore A hardness from 40 to 50. As shown, the variations of the force integration and the impact duration are small, while the maximum impact force has clear change from 1350.5 N to 1695.9 N. Similarly, the average impact force is varied from 849.6 N to 1071.8 N, and the average acceleration ranges from 331.6 to 421.2 m/s 2 . As compared to the target values listed in Table 2 , it is clear that the suitable Shore A hardness should be around 46 to 47. Since there is no available data for the parameters and corresponding to the Shore A hardness from 46 to 47, linear interpolation is applied to create the corresponding values as listed in Table 5 , and the simulation results are also shown. As compared to the target values, the case with the Shore A hardness of 46.8 has the best agreement and is adopted hereafter. At this case, the maximum impact force is 1558 N, the average impact force is 999 N, and the average acceleration is 392 m/s 2 . The waveform of the impact force obtained by the present simulation is shown in Figure 6 .
Impact Vibration.
To obtain reliable results by finite element analysis, different meshes were tested. The acceleration values of Point A as shown in Figure 3 along the vertical direction with respect to the total element number are shown in Figure 7 without the resilient material (denoted as null in the figure) and with EVA 55. From these two curves, the acceleration of Point A is reduced dramatically with the increase of element number. Also, it could be said that the acceleration converges as the total element number is close to 400,000 for both cases. Hence, in this work, about 379,860 elements were used for the case without resilient materials, and about 408180 elements were used for the case with resilient materials. The element size for the rubber ball and the tested panel is 5 mm, and the total element number for RC floor is about 262,500. There are about 28,320 elements for all EVAs and NBR 18.
The maximum upward acceleration of Point A obtained by both the simulation and the measurement is shown in Table 6 . Figure 8 shows the predicted and measured vertical acceleration of Point A with respect to time for the case without resilient materials, and those for the cases with EVAs 55, 35, and 25 and NBR 18 are shown in Figures 9, 10, 11 , and 12. In the table, the results of five repeated measurements and the average value are presented. When there is no resilient material, there are just solid wood and plywood in the tested panel. The predicted maximum upward acceleration of Point A along vertical direction is 28.15 g, where g is the gravity acceleration. The measured result is 26.16 g, and there is 7.6% error between these two values. As the resilient materials are included, the error of the simulation is from 6.9% to 17%. The largest error occurs at the case of EVA 35, in which the measured result is 10.93 g and the simulation one is 12.81 g. In addition to the maximum vertical acceleration, Figures  8-12 show the detailed variation of the vertical acceleration of point A with respect to time. As shown, the ranges of the vertical acceleration from the test and the simulation are very close. As for the detailed peaks, they are quite different. The maximum peaks from the simulation always occur at the first stage, while those from the test may be at the first peak or at later peaks. To further improve the simulation results in the future, one possibility is to obtain precise value of the parameters used in the material models. At this stage, the material models used in this work should be able to capture the impact and vibration behavior of the considered materials, and the present simulation should be able to evaluate the insulation effect of the resilient materials. From the present results, it is evident that the resilient material could significantly reduce the vibration, and the resilient material with lower Shore A hardness or Young's modulus has better effect. 
Conclusions
The present work uses an explicit finite element code to model the impact behavior of the rubber ball and to predict the floor impact vibration under resilient materials. The results indicate that the hyperviscoelastic rubber model could precisely simulate the impact force of rubber balls, and its two parameters could be properly chosen according to the desired impact force. Upon this result, the impact vibration of the tested panel consisting of solid wood plate, plywood plate, and resilient materials could be predicted. Then, the insulation effect of resilient materials could be evaluated. As compared to the experimental results, the present model could capture the impact and vibration behavior of the considered materials and reasonably evaluate the insulation effect of resilient materials. In addition, the resilient material with lower Shore A hardness could reduce more the impact vibration. 
